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A B S T R A C T
In this work, cashew gum (CG) and gelatin (GE) complexation was explored to encapsulate green coffee oil
(GCO), rich in cafestol and kahweol, for use as ingredient in fruit juice. The microcapsules were loaded with 25,
50 and 75% (w/w) GCO and characterized by scanning electron microscopy, encapsulation efficiency and ac-
celerated oxidation by Rancimat. Gas chromatography coupled to the mass detector was used to cafestol
quantification in simulated gastrointestinal digestion and during fruit juice storage. Particles with 25% GCO
(14.56 ± 6.36 μm) presented good encapsulation efficiency (85.57 ± 1.41%), reduced the GCO oxidation by
six-fold and were resisted in the pasteurization conditions. The beverage added of capsules showed good sensory
quality when compared to the control formulation. For the first time, the incorporation of GCO capsules into
fruit juice has been reported, promoting a diterpene-rich drink with good rheological and sensory properties.
1. Introduction
Coffee is the second largest commercially exploited commodity in
the world, and Coffea arabica L. (arabica) is the main type traded
(Janissen & Huynh, 2018). Due to its composition, the green coffee oil
(GCO) has been evaluated as an option to diversify and develop new
products. Cafestol is the main diterpene of arabica coffee and has been
widely investigated for its nutraceutical properties, with antitumor and
antiangiogenic action (Tsai et al., 2018), combatting the proliferation of
cancer cells (Lima et al., 2017) and presents antidiabetic effect
(Mellbye, Jeppesen, Hermansen, & Gregersen, 2015).
Despite the health benefits, GCO is highly unstable and susceptible
to oxidative degradation, which leads to decreased shelf life, as well as
loss of sensory and nutritional quality. Moreover, the lipophilic char-
acter of GCO makes it challenging to apply it into hydrophilic foods, for
example, fruit juices. Therefore, encapsulation of GCO is considered an
option to overcome the mentioned limitations. Green coffee oil has
already been encapsulated by the spray drying technique, which re-
sulted in its greater protection and stability (Carvalho, Silva, &
Hubinger, 2014; Silva, Vieira, & Hubinger, 2014); however, it is worth
mentioning that investigations of GCO encapsulation by complex coa-
cervation, as well as its application in foods, were not found in the
literature.
Complex coacervation is characterized by the interaction of inter-
molecular forces (Van der Walls and hydrophobic interactions) of the
amino-protonated pair (protein) with the carboxyl (polysaccharide). It
is a simple, inexpensive and reproducible method because it does not
require sophisticated technological devices. Besides that, producing
stable and heat resistant microcapsules.
Cashew gum (CG) (β-D-galactopyranose (72%), α-D-glucopyranose
(14%), α-L-arabinofuranose (4.6%), α-L-trianopyranose (3.2%) and
glucuronic acid (4.5%)) is an exudate of the Anacardium occidentale,
common in the Northeast region of Brazil (Comunian et al., 2018). In
previous studies, CG was related to protective action in the
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gastrointestinal system, inflammation inhibition (Carvalho et al.,
2015), antidiarrheal effect (Araújo et al., 2015), topical protection of
human esophageal mucosal integrity (Nicolau et al., 2017) and topical
protective effect of the larynx mucosa (Borsaro et al., 2017).
Gelatin (GE) is one of the most commonly used hydrocolloids in the
food industry, since it is a low-cost product with emulsifying property
(Comunian et al., 2018). The composition of gelatin varies with the
animal species, the pre-treatment and extraction processes. This bio-
polymer generally has an amino acid composition similar to collagen,
containing glycine (~33%), proline (~12%), alanine (~11%) and hy-
droxyproline (10%) as the main amino acids. Histidine, methionine,
and tyrosine have lower levels in GE composition (Benjakul and
Kittiphattanabawon, 2019). Gelatin has functionalities such as anti-
oxidant activity, antimicrobial activity, lipid-lowering effect, and im-
munomodulatory activity (Benjakul & Kittiphattanabawon, 2019;
Gomez-Guillen, Gimenez, Lopez-Caballero, & Montero, 2011).
Several studies report successful production and application of mi-
crocapsules by complex coacervation in foods, such as for yoghurt en-
richment (Comunian et al., 2017; Gomez-Estaca, Comunian, Montero,
Ferro-Furtado, & Favaro-Trindade, 2016; Rutz et al., 2017) and in bread
(Rutz et al., 2017).
Tamarind juice (Tamarindus indica L.) was used in this work as a
model system, as it is a fiber rich drink and has a high turbidity particle
system, which favors the application. So far, few studies report appli-
cation of microcapsules by complex coacervation in tropical juice.
Therefore, the objective of this work was to produce and char-
acterize microcapsules of green coffee oil by complex coacervation
using gelatin and cashew gum as wall materials. The obtained micro-
capsules were evaluated by oxidative stability, gastrointestinal release
properties and their application in tamarind juice in order to produce a
product rich in cafestol and kahweol. The juice was evaluated according
to storage stability, rheological and sensorial analyses.
2. Material and methods
2.1. Material
Cashew gum (CG), gelatin (GE) 175H30 and green coffee oil rich in
cafestol and kahweol were obtained from EMBRAPA Tropical
Agroindustry (Fortaleza/Ceará), Rousselout®, and the Laboratory of
High-Pressure Technology and Natural Products of the University of
São Paulo (Pirassununga, Brazil), respectively. The tamarind fruit
(Tamarindus indica L.) was obtained from a local market in the city of
Fortaleza, Ceará, Brazil. Tert-methyl butyl ether reagent (Sigma
Chemical Co., St. Louis, MO, USA), HPLC purity, was used for quanti-
fying cafestol (Santa Cruz Biotechnology, Santa Cruz, USA). Pepsin,
pancreatin, and bile salts were also used (Sigma Chemical Co., St. Louis,
MO, USA).
2.2. Microencapsulation
Microcapsules were prepared as described by Carvalho da Silva
et al. (2018). Gelatin and cashew gum were used as wall materials with
a concentration of 0.65% (w/v) and a biopolymer ratio of 1:3.5 (GE/
CG), a preliminary optimization was made (unpublished data). Green
coffee oil (GCO) rich in cafestol and kahweol (50.18 mg cafestol) was
added at 25, 50 and 75% (w/w) to the total mass of biopolymers,
corresponding to MC-GCO-25, MC-GCO-50 and MC-GCO-75 treatments,
respectively.
Green coffee oil microcapsules were produced in five steps. In the
first, the cashew (CG) and gelatin (GE) dispersions were separately
prepared in 100 mL of distilled water using an Ultra Turrax (IKA T25,
Staufen, Germany) at 10,000 rpm for 3 min. In the second step, the GCO
was added to the GE dispersion and, at room temperature, emulsified
(10,000 rpm/3 min). In the third step, the pH was adjusted up to 4.5
with HCl solution after the addition of CG dispersion to the emulsion
(GE and GCO), and coacervation occurred with separation into two
heterogeneous phases because of the electrostatic interactions. In the
fourth, the formation of the polymer wall around the active material
occurred overnight under refrigeration. Finally, the wall was hardened
in the fifth step with GCO entrapment and the system was centrifuged
(Multifuge X3R, Waltham, USA) (10,000 rpm/10 m/25 °C) to com-
pletely separate the microcapsules.
The microcapsules were lyophilized (Liotop LP510, São Carlos,
Brazil) only for the analysis of process yield, load capacity (CC), en-
capsulation efficiency (EE), Rancimat accelerated oxidation, simulated
gastrointestinal release and SEM.
2.3. Characterization of microparticles
2.3.1. Morphology and particle size of microcapsules
The micrographs were performed shortly after coacervation under a
Zeiss optical microscope (Axio Imager.A2, Oberkochen, Germany)
coupled to a camera (ZEISS, AxioCan ICc 5, Oberkochen, Germany) and
equipped with software (Zen 2012 SP2, Oberkochen, Germany).
Scanning electron microscopy (SEM) was performed using a Quanta
FEG 450 (Thermo Fisher Scientific, Hillsboro, USA) under low power
(10 kV) 450 (Thermo Fisher Scientific, Hillsboro, USA) with low energy
(10 kV) to verify the morphology of the dried microcapsules.
The particle diameter of 100 microcapsules was calculated using
ImageJ, based on a previous method (Comunian et al., 2017), and ex-
pressed as mean ± SD. The morphology of the MC-GCO-25 micro-
capsule (1% m/V) after rehydration (40 rpm/30 min) using the same
optical microscope (Axio Imager.A2, Oberkochen, Germany) was also
studied.
2.3.2. Process yield
The process yield (%) (PY) (Eq. (1)) was calculated as the ratio
between the initial total mass (CG/GE + GCO) (mi) used in preparing
the microcapsules and the mass of solids at the end of the process (mf),
as described by Carvalho da Silva et al. (2018):
= ×Process Yield m
m
(%) 100i
f (1)
2.3.3. Loading capacity
Loading capacity (%) (LC) (Eq. (2)) was determined by dividing
total oil (TO) in the microcapsules by the amount of green coffee oil at
the beginning of the process (GCOi), according to Shaddel et al. (2018a,
2018b).
= ×LC TO
GCO
(%) 100o
i (2)
The fast lipid extraction methodology known as the Bligh and Dyer
method, adapted by Comunian et al. (2018), was used for determining
total oil. After disruption of the dried microcapsules (1 g), 5 mL of
chloroform, 10 mL of methanol, and 4 mL of water were added. This
mixture was gently stirred (1 min). Then, 5 mL of chloroform and 5 mL
of 1.5% (w/w) sodium sulfate were added, again stirred for 1 min and
held for 30 min to separate the lipophilic phase. The chloroform/oil
phase was oven-dried at 60 °C until the solvent was evaporated, and the
retained oil was quantified by a gravimetric difference.
2.3.4. Encapsulation efficiency
The encapsulation efficiency (%) (EE) was determined following the
methodology of Carvalho da Silva et al. (2018). The percentage of oil
that was only retained in the internal structure of the biopolymer ma-
trix was calculated according to Eq. (3), where OT and SO respectively
represent the total amount of oil and surface oil.
=
−
×EE TO SO
TO
(%) 100
(3)
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For the determination of the surface oil (SO) after centrifugation, 7g
of microcapsules were mixed with 20 mL of distilled water and 10 mL of
hexane and homogenized (200 rpm/5 min) in a shaker incubator
(Solab, SL 222, Piracicaba, Brazil). Next, the samples were centrifuged
at 10,000 rpm for 10 min at 25 °C. The lipophilic material was col-
lected, then heated at 60 °C until the solvent evaporation, followed by
gravimetric quantification of retained GCO.
2.3.5. Accelerated oxidation by Rancimat
The oxidative stability of the pure and encapsulated GCO was
analyzed by the Metrohm Rancimat 743 apparatus (Model 873,
Herisau, Switzerland), according to Comunian et al. (2017). The sam-
ples (3 g of pure GCO, 1.5 g of microcapsules with and without en-
capsulated GCO) were submitted to a temperature of 90 °C and a stream
of purified air at 20 L/h. The oxidized compounds, carried by the air
flow, were collected in deionized water and the increase in water
conductivity was measured continuously (μS/cm). The induction time
in hours was used as the oxidative stability index.
2.3.6. Cafestol release in a simulated gastrointestinal digestion
The gastrointestinal release of cafestol present in microcapsules was
established according to the literature (Comunian et al., 2017; Gbassi,
Vandamme, Ennahar, & Marchioni, 2009), with adaptations. Gastric
fluid was simulated using 0.9% (w/w) NaCl and 0.3% (w/w) pepsin in a
pH 1.8 solution. In this system, microcapsules (2% m/v) were incubated
for 30 min at 150 rpm and 37 °C. The system was adjusted soon after to
simulate intestinal digestion. Thus, the pH of the samples was corrected
to 7.8, and 1% (w/w) pancreatin and 0.3% (w/w) bile salts were added.
The release of cafestol present in the microcapsules was monitored at 0,
30, 60, 120, and 180 min. Next, 10 mL of hexane was added to the
samples each time to capture the liberated GCO. After slow stirring
(1 min), the hexane was rotavaporated (IKA RV 10, Staufen, Germany)
and the lipophilic phase was collected. Kahweol is highly unstable
when purified (De Oliveira et al., 2014), so only cafestol diterpene was
chosen and used as a marker in GC–MS to quantitatively detect the
release of green coffee oil, described in Section 2.4.
2.4. Quantification of cafestol
The quantification of the released cafestol was performed according
to the methodology already standardized by De Oliveira et al. (2014),
with adaptations. The samples were hot saponified with 2 mL of NaOH
in methanol (1.25 M), and then placed in an ultrasonic bath (Ultra
Cleaner 750, Unique, Brazil) for 100 min. They were then left in a water
bath at 70 °C/1h. Next, 2 mL of methyl tert-butyl ether (MTBE) and
2 mL of deionized water were added and then centrifuged (7000 rpm/5
min). The organic part was collected, and more MTBE (2 mL) was
added to the hydrophilic portion. This procedure of MTBE addition and
centrifugation was repeated three times in order to collect all remaining
cafestol. Finally, 3 mL of deionized water was added. Only the lipo-
philic portion was collected and rotoevaporated. The unsaponified
fractions were not silanized, as suggested by De Oliveira et al. (2014).
An Agilent gas chromatograph (model 7890B) equipped with a mass
spectrometer detector (model 5977A, Agilent, Santa Clara, USA), and a
column (RTX 5, Restek, USA) (30 m, 0.25 mm internal diameter, 0.25
film thickness) was used. Helium was used as the carrier gas (mobile
phase). The temperature programming was 15 °C/min, from 80 °C to
220 °C, 7 °C/min to 270 °C, remaining for 5 min, and 5 °C/min to
290 °C, remaining for 20 min. The injector and interface temperatures
between the chromatograph and the mass detector were 280 °C, and the
ionization was performed by electron impact (70 eV) with the ion
source maintained at 250 °C. The mass scanning range was 40 to
800 m/z. The quantification was performed through a calibration curve.
To do so, different concentrations (0, 300, 500, 1000, 1200, 1400, 1600
and 1800 ppm) of the pure cafestol standard (Santa Cruz
Biotechnology, California, USA) were injected into the equipment and
analyzed by MassHunter software (Agilent, Santa Clara, USA), with an
external calibration curve (R2 ≥ 0.98). The injection of the sample
(1 µL) was done in splitless mode, with the injector and chromatograph
at 280 °C.
2.5. Preparation of tamarind juice
Tamarind juice was prepared with 10% (w/w) lyophilized tamarind
pulp and 0.1% (w/w) of sweetener, diluted in drinkable water. Tj1 was
the tamarind juice control; Tj2 treatment had the addition of 0.03% (w/
v) non-encapsulated green coffee oil; for Tj3, 0.69% (w/v) of micro-
capsules were added to the formulation. The same amount of GCO was
used in Tj2 and Tj3, being 0.03 g of free or encapsulated oil in 100 mL
of the beverage, which was established based on the daily intake of
caffeine as there is still no consumption limit for green coffee oil (De
Oliveira et al., 2014). It is noteworthy that the amount of caffeine
present in the purified GCO is low because it precipitates in the cen-
trifugation step, necessary during the oil purification process. After
preparing the formulations, the pH of the juice was corrected to 3.5
using KOH (15% w/v). Finally, pasteurization was performed in a
tubular exchanger (Armfield FT74, Ringwood, England) with a tem-
perature set at 85 °C and using a flow rate of 220 mL/30 s. The juice
formulations were hot-filled in glass bottles (250 mL), and plastic screw
caps, previously sanitized with active chlorine (100 mg·L−1). The bot-
tles were then positioned upside-down to pasteurization of the cap
(3 min), cooled in a water bath, labeled and stored for 0, 7, 15, 21 and
30 days in a cooling chamber (5 °C).
2.6. Characterization of tamarind juice
2.6.1. Morphological characterization
Tj1, Tj2, and Tj3 were morphologically characterized. An aliquot
was collected and deposited on a glass slide. The micrographs were
performed on Zeiss optical microscope (Axio Imager.A2, Oberkochen,
Germany) coupled to a camera (ZEISS, AxioCan ICc 5, Oberkochen,
Germany) and equipped to the software (Zen 2012 SP2, Oberkochen,
Germany). The juice was microfiltered with the aid of a vacuum pump
for better visualization (Buchi, V700, Valinhos, Brazil).
2.6.2. Rheological characterization
The apparent viscosity of the samples was determined (0, 7, 14, 23,
30 days) using a rheometer (Thermo Scientific HAAKE™ MARS™,
Waltham, USA), with a concentric cylinder (CC16 DIN Ti)
(D = 15.700 mm, L = 23.544 mm β = 120° and 3.318 mm gap), and
Peltier system (TM-PE-C, Waltham, USA) coupled to a bath (Haake A
10, Waltham, USA). Rotation tests were performed at 25 °C, with shear
rates up (0.1 s−1 up to 100 s−1) and down (100 s−1 up to 0.1 s−1),
controlled by Haake Rheowin Job Manager software, according to the
method described by de Castilhos, Betiol, de Carvalho, and Telis-
Romero (2018). The Herschel-Bulkley model, Eq. (5), presented better
adjustment to the experimental viscosity results:
= +τ τ k y( )̇n0 (5)
In which: τ is shear stress (Pa), k = consistency index (Pa·s),
y ̇ = shear rate (s−1), ƞ = flow behavior index (dimensionless).
Herschel-Bulkley was chosen as the best rheological model that fitted
the experimental data according to the coefficient of determination
(R2 ≥ 0.99).
2.6.3. Evaluating the release of encapsulated cafestol when incorporated in
the juice during storage
The release of cafestol from microcapsules dispersed in the juice
(Tj3) was monitored for 0, 7, 15, 21, 30 days. Thus, 5 mL of hexane was
dispensed into the system at each time in the ratio of 2:1 (Tj3/hexane
sample). The sample was lightly stirred for 1 min to solubilize the lib-
erated GCO. Then, the lipophilic phase was collected, and the hexane
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was rotavaporated (IKA RV 10, Staufen, Germany).
The cafestol release was used as an indicator of the stability of GCO
microcapsules at 30 days, detected by gas chromatography (step de-
scribed in Section 2.4).
2.6.4. Sensory evaluation
The sensory evaluation was performed with 130 untrained con-
sumers. Participants were asked about how much they liked tamarind
juice. The samples were evaluated for the attributes of overall im-
pression, consistency, flavor, and color using a hedonic scale structured
with 9 points (1 = extremely disliked and 9 = extremely liked)
(Meilgaard, Civille, & Carr, 2014). In addition, Check-All-That-Apply
(CATA) and Rate-All-That-Apply (RATA) tests were applied in the same
session of the hedonic tests. CATA is used to characterize the product
through a list of sensory descriptors (Vidal, Tárrega, Antúnez, Ares, &
Jaeger, 2015). In turn, the RATA was used to quantify these descriptors
using a numerical scale of intensity (1 - little/weak, up to 5 - very/
strong) (Ares et al., 2014). This sensory evaluation was approved by the
Research Ethics Committee of the Institute of Culture and Art of the
Federal University of Ceará. The Certificate of Ethics Presentation
(CAAE) number was 56393715.5.0000.5054.
2.7. Statistical analysis
The acceptance test data were evaluated by ANOVA, followed by
comparisons of the means of the hedonic values by the Tukey test at 5%
of probability. The Cochran Q test was performed to identify significant
differences in each attribute of the CATA method. Frequency counting
was performed in the CATA table to understand the positioning of the
four tamarind juice samples according to consumer perception, along
with their ideal sample. The results were also evaluated through prin-
cipal components analysis (PCA) with two-dimensional graphs and the
test means are presented in table and graph form. All statistical analyses
were performed by XLSTAT (2019) software for Windows version 1.2
(Adinsoft, Paris, France).
3. Results and discussion
3.1. Characterization of microparticles
3.1.1. Morphology and particle size of microcapsules
Optical microscopy and scanning electron microscopy images of
microcapsules are shown in Fig. 1. The treatments presented multi-
nucleated and irregularly shaped microcapsules, characteristic of the
complex coacervation process. The MC-GCO-25 (Fig. 1A) showed that
the wall was dense and agglomerated, indicating high intensity of the
electrostatic interactions, therefore presenting good encapsulation of
green coffee oil. However, MC-GCO-50 and MC-GCO-75 (Fig. 1B and C)
showed a release of green coffee oil into the system.
Micrographs of microcapsules were made after resuspension under
agitation. As the system entropy increased, the coacervated complexes
that presented higher encapsulation efficiency (MC-GCO-50 and MC-
GCO-70) (Table 1) showed a higher amount of released or un-
encapsulated oil (Fig. 1A, B and C), compared to MC-GCO-25. Ac-
cording to Shaddel et al. (2018a) and Shi, Beamer, Yang, and Jaczynski
(2018), microcapsules with higher packaging capacity have as dis-
advantage less protection of the encapsulated ingredient, that is, as the
concentration of the core material rises, the protection biopolymer
matrix decreases, resulting in rapid release in the surrounding en-
vironment. Therefore, the MC-GCO-50 and MC-GCO-70 microcapsules,
even with higher efficiency, released oil after agitation.
In addition to the release of oil, MC-GCO-50 (Fig. 1B) exhibited thin
and fragile walls, which could favor contact with oxygen, resulting in
oxidation and loss of product quality. When 75% (w/w) GCO was used
in the production of MC-GCO-75, the GC-GE complex proved to be even
more unstable than MC-GCO-50, indicating that wall strength was
affected with the oil increase. The morphology found in this study was
consistent with the findings of Gomez-Estaca et al. (2016) and
Comunian et al. (2018) when they used the same protein-polyelec-
trolyte pair.
Scanning electron microscopy (SEM) images were taken from the
MC-GCO-25 treatment (Fig. 1D and E). These microcapsules also ex-
hibited dense irregular shape (Fig. 1D), without exposing the multiple
GCO cores. The external topography was observed in Fig. 1E, char-
acterized by craters or concave pores on its surface, forming networks
interconnected by the contact of the matrix during the drying process.
(Xiao, Wang, Xu, & Huang, 2019) reported that the pores are attributed
to the vaporization of trapped water during the lyophilization process.
Other investigations by complex coacervation presented similar SEM to
MC-GCO-25 (Bezerra et al., 2019; de Matos-Jr et al., 2019; Rodrigues da
Cruz, Andreotti Dagostin, Perussello, & Masson, 2019; Xiao, Li, &
Huang, 2017). MC-GCO-25 returned to its original format when it was
rehydrated (Fig. 1E). Therefore, while it was not possible to visualize
the multiple GCO droplets by SEM, the microcapsules returned to dis-
play multiple cores. Gomez-Estaca et al. (2016) observed similar be-
havior in lyophilized microcapsules containing astaxanthin.
The mean diameter of the coacervate microcapsules for the different
formulations tested ranged from 14.56 ± 0.63 μm to
22.67 ± 3.02 μm (Table 1). MC-GCO-25 had the smallest size when
compared to the other treatments. The smaller the size of the micro-
capsules, the lesser their interference in the rheology and sensorial
perception in the final product, and therefore the use of smaller mi-
crocapsules as a carrier of the active compound is more appropriate
(Favaro-Trindade, Pinho, & Rocha, 2008). There was no direct relation
between increase in core material (GCO) and microcapsule size (MC-
GCO-25/50/70). This result was in agreement with a previous study
(Gomez-Estaca et al., 2016).
3.1.2. Process yield, loading capacity and encapsulation efficiency
The process yield (PY) expresses the mass percentage of micro-
capsules that precipitated at the end of coacervation. Multiple factors
may interfere with PY, such as concentration and biopolymer ratio, pH
and agitation during coacervation, the stability of the O/W primary
emulsion, and viscosity of core material. All of these parameters were
fixed in this study, except for the amount of core material, ranging from
25 to 75% GCO. Table 1 shows that the process yield reduced from
33.49 ± 0.34 (%) (MC-GCO-25) to 28.70 ± 6.51 (%) (MC-GCO-75),
related to an increased amount of green coffee oil. This occurred be-
cause compound oil hinders the adsorption of the polymers and the
exposure of charged groups (Shi et al., 2018). Gonçalves, Grosso,
Rabelo, Hubinger, & Prata, 2018 and Shi et al. (2018) observed that
complexation presents a high yield in the absence of oil, but decreased
proportionally with the oil addition. However, GCO microcapsules
presented a similar process yield (20–35%) as found by Chang, Gupta,
Timilsena, and Adhikari (2016). Shi et al. (2018) obtained lower yields
(5–15%) than those found in this research when encapsulating krill oil
by complex coacervation.
The loading capacity (LC) measured how the microcapsules retained
most of the ingredient at the end of the process. In Table 1, LC ranged
from 30.87 ± 4.69 to 32.47 ± 4.29 (%) and did not present a sig-
nificant difference (p < 0.05) when the amount of green coffee oil
increased. In this case, it is suggested that there was loading saturation.
When comparing LC with the PY of the microcapsules of GE/GC, it is
verified that there is a higher amount of green coffee oil unencapsulated
in MC-GCO-75 > MC-GCO-50 by total microcapsules formed. In
Fig. 1(B and C), the interaction between cashew gum and gelatin was
weakened in treatments with 50% and 75% (w/w) GCO, resulting in
non-encapsulated oil. On the other hand, MC-GCO-25 particles pre-
sented a stable structure (Fig. 1A), as already previously mentioned.
Recent works have shown similar complex coacervation loading cap-
abilities to those found in this study (Shaddel et al., 2018b, 2018a).
Lower loading capacity values of 3.05 ± 0.08 to 13.59 ± 1.23 (%)
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were reported by Calderón-Oliver, Pedroza-Islas, Escalona-Buendía,
Pedraza-Chaverri, and Ponce-Alquicira (2017) when encapsulating
avocado extract.
The encapsulation efficiency is the amount of oil trapped internally
in the biopolymer matrix. GCO microcapsules showed greater than 85%
efficiency for all treatments (Table 1). The oil concentration was able to
modify the EE values, but without linearity with the oil ratio added.
High EE can lead to less protection of the encapsulated ingredient
(Shaddel et al., 2018a; Shi et al., 2018). According to Oxley (2014), as
the concentration of the core material rises, the protection of the bio-
polymer matrix decreases. Thus, producing a fragile wall in high EE,
occur wall degradation and release of core material (GCO), as occurred
in MC-GCO-50 and MC-GCO-75 (Fig. 1B and C). The MC-GCO-25 EE
was sufficient to prevent the release, also being similar to the values
found by de Souza et al. (2018) when using cashew gum to encapsulate
cinnamon extract. Gomez-Estaca et al. (2016) also used GE/GC as wall
material and presented an EE (%) of 59.9 ± 0.01 (%); a similar value
was reported by Feng, Li, Wang, and Zhu (2018) with an efficiency of
58.75 ± 4.47 (%), both with an inferior EE to all treatments of this
work. Therefore, the microcapsules corresponding to the best treatment
at this stage (MC-GCO-25) was chosen for posterior analyses and use in
the product formulation.
3.1.3. Accelerated oxidation by Rancimat
Lipid oxidation forms undesirable products such as hydroperoxides,
alcohols, and ketones, resulting in the degradation of bioactive com-
pounds, and in food products leads to rejection by consumers.
Therefore, one of the main objectives of microencapsulation is to delay
the onset of oxidation. The oxidative stability index (OSI) of the free
green coffee oil and the microcapsules with and without GCO are
shown in Fig. 2. The pure GCO sample (rich in cafestol and kahweol)
was completely oxidized in 0.4 h (less than 30 min). The MC-GCO-25
showed a significant (p < 0.05) increase in OSI when they delayed
GCO oxidation for approximately 6 h, resulting in total oxidation after
12.64 h. Therefore, the encapsulation of MC-GCO-25 decreased the
GCO oxidation by six-fold when compared to free oil, showing that the
wall material (GE/GC) was effective in promoting an oxidation barrier.
Fig. 2 also shows that the oxidation of MC-GCO-25 was mainly a result
of the core material oxidation and not of the wall or possible remaining
ions of the pH adjustment (during the coacervation process), since the
oxidation of the microcapsules without GCO was prolonged for
186.01 h. Corroborating this, Ma, Zhao, Wang, and Sun (2019) reported
that the ratio of the wall material, pH, agitation speed or biopolymer
did not affect the oxidative stability of the microcapsules by complex
coacervation. Also, another recent study stated that OSI is directly re-
lated to the physicochemical nature of the encapsulated oil, specifically
in the composition of triacylglycerols, fatty acids, the degree of un-
saturation, and the presence of antioxidants, pro-oxidants of metals and
the amphiphilic compounds of the encapsulated oil. Using the same
protein-polyelectrolyte pair to encapsulate echium and phytosterol oil,
Fig. 1. Optical microscopy of MC-GCO-25 (after complex coacervation (A) and after rehydration (F)), MC-GCO-50 (B), and MC-GCO-75 (C), with magnification of
10x and scale of 100 μm. Scanning Electron Microscopy (SEM) of the dried green coffee oil microcapsules (MC-GCO-25), with an increase of (D) 154x and (E) 500x.
The red arrow indicates encapsulated green coffee oil, and the white arrow indicates unencapsulated oil.
Table 1
Particle size (µm), process yield (%) (PY), loading capacity (%) (LC), encapsulation efficiency (%) (EE) of MC-GCO-25, MC-GCO-50, MC-GCO-75, the amount of green
coffee oil being varied from 25, 50, 75% (w/w), respectively.
Treatment Size (µm) PY (%) LC (%) EE (%)
MC-GCO-25 14,56 ± 0,63 a 33,49 ± 0,34a 30,87 ± 4,69a 85,57 ± 2,41a
MC-GCO-50 22,67 ± 3,02b 31,59 ± 4,50a 30,35 ± 11,02a 94,18 ± 0,61b
MC-GCO-75 19,73 ± 2,46b 28,70 ± 6,51a 32,47 ± 4,29a 90,95 ± 2,93ab
Different superscripted letters on the same line, indicate difference (p < 0.05) by the Anova and the Tukey test.
MC-GCO-25: GC/GE microcapsule (1: 3.5) with 25% (w/w) green coffee oil.
MC-GCO-50: GC/GE microcapsule (1: 3.5) with 50% (w/w) green coffee oil.
MC-GCO-75: GC/GE microcapsule (1: 3.5) with 75% (w/w) green coffee oil
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Comunian et al. (2017) were able to reduce two times the oxidation of
non-crosslinked treatments, which is less than in this work.
3.1.4. Cafestol release in a simulated gastrointestinal digestion
Gastrointestinal digestion involves a series of enzymatic steps at
different pH levels, which can modify the chemical structure of the
soluble and insoluble materials, leading to the release of the en-
capsulated ingredient (Ahmad, Qureshi, Maqsood, Gani, & Masoodi,
2017). These transformations make simulated gastrointestinal digestion
an important step in the benefit assessment associated with the pre-
sence of bioactive compounds and their potential for targeted delivery
(Chew, Tan, Long, & Nyam, 2015; Montero, Calvo, Gómez-Guillén, &
Gómez-Estaca, 2016).
Therefore, it was necessary to explore the release behavior of ca-
festol present in MC-GCO-25 when submitted to gastrointestinal fluid
enzymes in vitro. The result of cafestol released by digestion over time is
presented in Fig. 3.
The MC-GCO-25 presented steric hindrance due to the protection of
the biopolymer network by the van der Waals interactions, which could
hinder digestion. However, the diterpene was released over time,
showing easy digestibility of the GE/GC. Fig. 3 shows a maximum re-
lease interval up to 60 min, with the highest peak in 30 min
(1267.78 μg mL−1). This value corresponded to 61.74% (w/w) of the
total cafestol released. The concentration subsequently decreased,
presenting a lower value in 180 min (1058.99 μg mL−1), resulting from
the degradation of cafestol in other compounds. The proteolytic action
of pepsin was effective in promoting the breakdown of gelatin in several
peptide fragments, leading to maximum digestion at the initial
(0–60 min) analysis times. In studying the gastrointestinal release of
catechin nanoparticles, Ahmad et al. (2019) reported maximum release
within 30 min, which was called immediate release, similar to this
study. Our results are similar to those found by Wang; Shi; Han (2018),
who reported a release of 52.18 ± 3.82% after 3 h of intestinal di-
gestion when evaluating encapsulated potato seed oil (Paeonia sect
Moutan DC). Another recent study using GC/GC wall reported sinapic
acid release with maximum rates of 16 and 17% (Comunian et al.,
2017), being lower than those obtained in this study.
3.2. Characterization of tamarind juice
3.2.1. Morphological characterization
The optical micrographs of the Tj1 (tamarind juice without the
addition of bioactive compounds), Tj2 (tamarind juice with free green
coffee oil), and Tj3 (tamarind juice containing MC-GCO-25) treatments
are shown in Fig. 4. In Tj2 it can be seen that the unencapsulated green
coffee oil droplets are larger compared to the encapsulated droplets
(Tj3); this occurs due to the instability of the hydrophilic/lipophilic
system of Tj2, which leads to the coalescence of the GCO.
After incorporation into the juice (Tj3), the MC-GCO-25 micro-
capsules remained polynuclear and irregular, similar to the morphology
of the microcapsules soon after the complex coacervation (Fig. 1A).
This indicates that there were no significant changes in MC-GCO-25
microcapsule structure when applied to the beverage. Similar mor-
phology to this study was found in the study by Comunian et al. (2017),
in applying microcapsules of echium oil in strawberry yogurt. Another
study using GE/GC walls showed that microcapsules also preserved
their integrity when applied to yogurt (Gomez-Estaca et al., 2016).
3.2.2. Rheology
The fiber-rich tamarind juice is reasonably particulate, anisotropic,
and presents partial decantation after a few days of storage. Fig. 5
shows that the apparent viscosity of the treatments decreased with the
deformation rate with a typical pseudoplastic fluid behavior of juices,
since the tension breaks fibers and colloids, reorienting them and fitting
a Herschel-Bulkley model (R2≥ 0.99) for treatments and storage times.
The Ostwald Weale model presented lower adjust (R2 > 0,95) in the
same treatmens and storage times. The apparent viscosity ranged from
11.7 ± 8.4 to 15.2 ± 2.6 mPa.s (Table 2) when the shear rate was
100 s−1. There was no significant difference among the treatments at
the same time or over time, meaning that the incorporation of the
microcapsules did not interfere in the juice rheology and presented
good homogenization of the dispersed solids.
3.2.3. Release of cafestol from microcapsules applied in juice
For unstable bioactive encapsulation, it is ideal that the micro-
capsules do not release material when incorporated into the food or
during storage.
The release of encapsulated green coffee oil was analyzed for
30 days after the microcapsules were incorporated into the tamarind
juice. The first chromatogram in Fig. 6 shows the cafestol pattern scan;
however, only the last detected peak is cafestol, as confirmed by mass
spectrometry (Fig. 6a). It is possible to observe that there was no de-
tection of cafestol for the analyzed times (0, 7, 15, 21, and 30 days).
This indicates that the CG/GE wall was effective to promote greater
stability of green coffee oil and cafestol in tamarind juice, and was not
affected by juice properties (pH, total soluble solids or acidity), for-
mulation process conditions (pasteurization) or temperature (5 °C)
during storage (30 days).
According to Yeung, Üçok, Tiani, McClements, and Sela (2016), the
Fig. 2. Oxidation induction time of encapsulated (MC-GCO-25) (red line) and
non-encapsulated green coffee oil (green line). The brown line shows the in-
duction time of microcapsules without green coffee oil. Different superscript
letters following the means indicate a significant difference (p < 0.05) by
Anova and the Tukey test.
Fig. 3. Simulated gastrointestinal release of cafestol from green coffee oil mi-
crocapsules (MC-GCO-25).
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microcapsule wall serves as a shield that protects the bioactive com-
pounds by binding them within the polymer network. In a recent study,
Tan et al. (2018) analyzed the effects of storage and stability of toco-
trienols encapsulated in chitosan-alginate microcapsules incorporated
in yogurt. Using a similar methodology to the one used in this study,
these authors found δ-tocotrienol release up to 7.4% for four weeks in
the food matrix. According to the authors, the release occurred due to
weak bonds between α-tocotrienol in the chitosan-alginate network.
3.2.4. Sensory acceptance
The results of the sensory acceptance of the Tj1, Tj2, and Tj3 juices
are shown in Fig. 7. The sensorial attributes (overall impression, con-
sistency, flavor, and color) ranged from 5.64 to 6.80, corresponding to
acceptable scores or indifferent to addition of microcapsules (Fig. 7B)
(Meilgaard et al., 2014).
For the overall impression, the control juice (Tj1) presented a higher
score (p < 0.05) when compared to the juice with microcapsules (Tj3),
but both showed in the acceptance of “slightly liked” with averages of
6.7 and 6.0, respectively. Similarly, the consistency, even differing
significantly (p < 0.05), also scored in the acceptance region when
comparing Tj1 and Tj3, with averages of 6.80 and 6.21, respectively.
This shows that the addition of GCO microcapsules (0.69% w/v) using
the CG/GE, presents a slightly effect on the sensory acceptability of
juice consistency.
In the case of taste, Tj3 also presented a lower average score of 5.64,
indicating a slightly effect due to the perception of taste acceptability
when the microcapsule was added and compared to the control juice
Tj1, with average score of 6,6, also “slightly liked”.
The color was the only attribute without a significant difference in
the average scores attributed to the treatments. Thus, the addition of
the microcapsules did not influence the visual color of the final product.
Tj2 presented higher averages when compared to Tj3 for all the ana-
lyzed sensorial attributes, as the free oil adhered to the walls of the
pasteurizer and the storage vessel which reduced the amount of GCO
available in the juice served to the taster. Therefore, encapsulation of
GCO rich in cafestol and kahweol is a viable medium for incorporation
into tamarind juice.
Questions were asked about the attributes that characterized sample
(check-all-that-apply - CATA) in order to improve the description of the
samples and to involve the tasters in a more significant cognitive pro-
cess. The results are presented in Fig. 7A with two dimensions being
considered, with 55.90% and 44.10% in the first and second dimen-
sions, respectively. The most scored attributes in Tj1 were brown and
very acidic, and Tj3 with the GCO microcapsules added presented a
coffee flavor attribute. Also, the quantification results of the descriptor
intensity (RATA) for treatment Tj1 (presented in Fig. 7C) showed that
the “very acid” attribute had a low intensity mean (1.38), indicating the
opposite meaning of the sensorial descriptor, namely “low acid”. The
Tj2 sample was related to an after taste, low acid, and coffee taste at-
tributes. Also, the descriptor “after taste” associated to the juice treat-
ment with free oil (Tj2) was the second highest average (2.22) for the
descriptor intensity in RATA, which means that the free GCO gave an
after taste from the juice, even at low concentrations. The juice sample
with microcapsule (Tj3) was only associated with the “coffee flavor”;
however, the RATA showed an average of 0.69 for the same attribute,
which means that even though it was related to Tj3, the “coffee flavor”
was considered a weak descriptor, and is considered a decisive factor of
GCO encapsulation.
Fig. 4. Optical microscopy of Tj1 (tamarind juice
without addition of bioactive compounds), Tj2
(tamarind juice added free green coffee oil rich
in cafestol and caveol) and Tj3 (tamarind juice
containing MC-GCO-25 microcapsules), with an
increase of 10× and 100 μm scale. The red
arrow indicates encapsulated GCO and the white
arrow indicates GCO free.
Fig. 5. Effect of storage time on apparent viscosity as a function of shear rate for (a) Tj1, (b) Tj2 and (c) Tj3 tamarind juice treatments at storage times 0 (black), 7
(red), 15 (blue), 21 (dark green) and 30 (light green) days.
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4. Conclusions
The complex coacervation with cashew gum and gelatin as wall
material was efficient for the encapsulation of green coffee oil. The
encapsulation process protected the green coffee oil against oil oxida-
tion, with well-defined walls and good encapsulation efficiency. The
microcapsules were stable in the tamarind juice processing conditions,
which allowed their incorporation into the juice without altering its
rheological or sensorial properties and remained stable during 30 days
of storage. This study provided a new and broad perspective on the
application of microcapsules by complex coacervation in a non-viscous
and strongly hydrophilic system, proving to be a viable and feasible
pathway for GCO application in juices.
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Table 2
Viscosity of tamarind juice treatments in storage.
Treatment Analyse Storage time (5 °C)
0 day 7 days 15 days 21 days 30 days
Tj1 Viscosity (mPa.s) 12.6 ± 1.1 aA 12.6 ± 1.3 aA 12.3 ± 0.4 aA 12.5 ± 1.2 aA 15.2 ± 2.6 aA
Tj2 12.8 ± 0.6 aA 12.2 ± 0.5 aA 12.4 ± 0.8 aA 14.9 ± 0.3 aA 12.1 ± 0.6 aA
Tj3 12.2 ± 1.4 aA 13.3 ± 1.8 aA 11.7 ± 8.4 aA 11.8 ± 1.0 aA 12.1 ± 0.5 aA
Different superscript letters (uppercase, in column, comparing treatments; lowercase, in the lines, comparing storage time) following the means indicate difference
(p < 0.05) by Anova and the Tukey test.
Tj1: Tamarind juice control (without addition of bioactive compounds);
Tj2: Tamarind juice added free green coffee oil rich in cafestol and kahweol;
Tj3: Tamarind juice containing microcapsules.
Fig. 6. (a) Chromatogram of the cafestol standard. There was no detection of cafestol released from microcapsules when applied in tamarind juice during: (b) 0, (c) 7,
(d) 15, (e) 21 and (f) 30 storage days (5 °C).
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